Preface
The U.S. Department of Energy's (DOE) Building Technology Office (BTO), a part of the Office of Energy Efficiency and Renewable Energy (EERE) engaged Navigant Consulting, Inc., (Navigant) to facilitate a workshop to identify policy changes, deployment strategies, and technology development initiatives for improving design and installations of residential central air conditioners (CAC) and heat pumps (CHP).
The initiatives identified in this report are Navigant's recommendations to BTO and other stakeholders for pursuing in an effort to achieve DOE's energy conservation goals. Inclusion in this report does not guarantee funding; individual initiatives must be evaluated in the context of all potential activities that BTO could undertake to achieve its goals.
This report identifies and characterizes a set of policy changes, deployment strategies, and technology development initiatives for BTO and other stakeholders to consider that could incentivize greater adoption of CAC/CHP quality installation (QI) practices. The investigation scope covers design and installation of CAC/CHP systems common for residential buildings.
To gather input for this report, on May 12, 2016, BTO convened a stakeholder workshop of experts with wide-ranging backgrounds, including manufacturers, energy efficiency programs, and representatives from key industry groups. During the workshop discussions, stakeholders emphasized the need for R&D investment to better understand current CAC/CHP installation practice, encourage wider awareness and adoption of QI practices, and develop the next generation of technologies, policies, and practices that reduce installation losses. The key themes that arose from the stakeholder workshop include:
 Conduct research to quantify of benefits QI  Evaluate best practices of energy efficiency QI programs  Develop and promote QI practices among installers, energy efficiency program implementers, and policymakers  Improve education to consumers on the value of QI  Develop policies and programs that increase the installer adoption of QI certifications and best practices  Conduct R&D to improve and validate new tools, techniques, and equipment designed to reduce losses associated with installation practices.
In all, stakeholders provided 66 unique ideas for R&D and other non-regulatory initiatives that could benefit CAC/CHP equipment design and installations. Following the stakeholder workshop, we characterized the full set of initiatives and combined similar ideas into a final list of 31 initiatives. We then evaluated this list using several qualitative prioritization metrics such as expected impact on key barriers and criticality of involvement for key stakeholders. We then selected the most promising initiatives recommended for BTO and other stakeholders to pursue, and supporting initiatives that would have a more moderate impact. For each initiative, we assigned lead stakeholders who are critical to the initiative's success as well as any additional stakeholders who can have a supporting role.
Table ES-1 outlines the resulting five recommended initiatives for BTO to lead on improving CAC/CHP installations. These initiatives represent some of the key areas in which BTO could improve the adoption of QI practices and achieve significant energy savings for U.S. homes with collaboration from other stakeholders. 
BTO #2
Expand federal programs to incentivize QI Policy
BTO #3
Develop and promote better tools for field measurements Technology
BTO #4
Conduct research to support energy efficiency programs that minimize duct losses Deployment
BTO #5
Develop guidelines on duct leakage and repair techniques by home type and duct location Deployment
Because each initiative only targets a specific issue, no single initiative can solve the multifaceted problems facing manufacturers, installers, energy efficiency program managers, and other stakeholders. Furthermore, other parties may be better suited than BTO to lead certain initiatives. As such, Table ES -2 delineates the eight key areas in which other stakeholders can lead initiatives to improve the design and installation of CAC/CHP equipment. A combined effort between BTO and other industry stakeholders, coupled with a multi-initiative approach could provide the best pathway to achieving the desired savings. This report provides background on BTO's role in improving CAC/CHP installations, discusses key trends facing the HVAC industry, and describes recommended and supporting initiatives. HVAC systems that provide space conditioning throughout the home rather than a single room are known as central air conditioners (CAC) and central heat pumps (CHP). The installation of CAC/CHP systems is of particular interest due to their prevalence in U.S. homes and increasing performance and efficiency in recent years. Today, 60% of U.S. homes use CACs for space cooling, with an additional 14% of homes using CHPs for space cooling and 9% for space heating. 3 Increasing adoption of CAC/CHP design, and installation best practices 4 represents a significant opportunity to reduce energy consumption across residential building stock. Conservative estimates of unit savings potential from improved design and installation practices show 20% energy savings 5 , which could achieve savings of 0.5 Quads annually.
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Several federal initiatives have identified specific opportunities for energy savings through quality installation (QI) practices and programs. For example, U.S. Environmental Protection Agency's (EPA) ENERGY STAR program has a long history of working with manufacturers, homebuilders, energy efficiency programs, and other stakeholders to address energy efficiency issues, such as CAC/CHP installation. ENERGY STAR initiatives to support the adoption of QI programs have identified equipment sizing, airtightness of ducts, correct flow, and proper refrigerant charge as some common installation issues that reduce the efficiency and performance of residential CAC and CHP. As shown in Figure 1 -2, these issues can cause a significant discrepancy between the factory-rated efficiency of equipment (e.g., Seasonal Energy Efficiency Ratio [SEER] for cooling) and its performance in the field. Installation of a residential CAC or CHP system requires a multistep process that combines factory-built equipment, fieldassembled components, and estimates of the home's characteristics. Throughout this report we refer to "design and installation" to include all of the necessary steps to properly install CAC/CHP equipment and achieve the performance, comfort, and energy efficiency expected for CAC/CHP systems. 
Theoretical Field Adjusted SEER Caused by Installation Issues
The figures above highlight the magnitude of potential savings associated with improved practices for CAC/CHP design and installation. Furthermore, these resources identify some of the specific practices that contribute the most losses to the overall efficiency of CAC/CHP systems.
Reducing CAC/CHP installation losses is an important goal for many stakeholders, but past efforts have resulted in limited adoption by industry. Several energy efficiency programs offer QI programs that incentivize installers to perform CAC/CHP installations to Air Conditioning Contractors of America Association (ACCA) Standard 5 or other QI specifications. Despite these efforts, a California study revealed that only 10% of residential installers were participating in energy efficiency QI programs. In this case, only 42% of residential installers were aware of ACCA Standard 5 and only 14% said they adhere to all its specifications. 8 Because installers play such an important role in the design and installation of CAC/CHP systems, engaging the installer community is key to achieving greater adoption of QI practices.
CAC and CHP Rulemaking Working Group
In July 2015, DOE established a working group of industry experts under the Appliance Standards and Rulemaking Federal Advisory Committee (ASRAC) to discuss and develop recommendations on amending energy conservation standards and proposed test procedure for residential CAC/CHPs. 9 The working group consisted of a diverse set of 15 members from DOE, manufacturers, energy efficiency programs, industry organizations, and other parties having a defined stake in CAC/CHP standards. 10 As part of the final Term Sheet approved by the DOE and the ASRAC CAC/CHP Working Group, the parties committed to exploring routes to improve installations of CACs and CHPs. Specifically, as part of Recommendation #11 (below), the DOE agreed to convene a workshop for all stakeholders to consider and rank alternatives for improving system design and installation practices: Recommendation #11. "All parties recognize that the performance for any HVAC system relies on high quality installation. A typical residential system can lose 20% to 40% 11 of the energy available at the equipment plenum because of poor installation practices, depriving the homeowner of expected gains in efficiency while increasing operating costs.
Typical deficiencies include: (1) selecting the wrong equipment for the home (climate conditions, capacity sizing, matching of components and controls, application usage), (2) poor installation and commissioning procedures (issues include: refrigerant charging, airflow/waterflow), (3) under insulation of ducts), and (4) failing to assure that the owner can operate the system as designed.
All parties commit to exploring routes to improve installations for all consumers, using multiple processes and approaches, ranging from policies (such as tax incentives or inspections) to improved training and consumer information. Within six months, DOE shall convene a workshop for all stakeholders to consider and rank alternatives, and to develop a roadmap for action, including both technical and policy items". Navigant, on behalf of the BTO, hosted a workshop on May 12th, 2016, at BTO offices in Washington, DC, to gather stakeholder input on CAC and CHP installation challenges, and technical and policy options for the industry. The ideas proposed during this workshop informed this report by identifying initiatives that BTO and other stakeholders could pursue to improve the performance, reliability, and energy efficiency of CAC/CHP systems installed in U.S. homes
Project Objective
The project objective was to identify and highlight initiatives that BTO and other industry stakeholders could support to help reduce energy losses associated with improper design and installation of residential CAC and CHP equipment. 
Project Approach

Stage 1: Identify Initiatives
We gathered information on current industry practices and field studies of residential CAC/CHP installations through review of past research, hosting a stakeholder workshop, and conducted several post-workshop interviews. We began with secondary research of available academic studies on efficiency losses during installation, their prevalence in new and retrofit equipment installations, and the potential for new technologies to mitigate these losses. We then hosted a stakeholder workshop to better understand the key barriers to widespread adoption of QI practices, the reasons why approaches to promote QI have faltered, as well as gather expert insights into non-regulatory approaches to address these efficiency degradations. For those who could not attend the workshop in person, we then conducted several follow-up interviews to capture their thoughts. The participating stakeholders helped generate the majority of the opportunities, barriers, and ideas that we subsequently developed into clear initiatives and prioritized.
Stage 2: Characterize Initiatives
Following the workshop, we refined the 66 initiatives suggested at the workshop to eliminate duplicates and combine similar ideas. We segmented the remaining 31 initiatives into one of three categories highlighted in Table 2 -1: technology, deployment, or policy (technology development, deployment strategies, or policy changes; see Section 4). Each category includes a set of opportunities to increase energy savings and reduce the losses associated with improper installation practices. Given the interacting drivers and impacts of CAC/CHP installations, opportunity areas may overlap into multiple categories, but designating each initiative into a category assists in finding key themes and patterns of roles for each stakeholder. We then outlined each initiative's purpose and goals, its potential to address key installation barriers, and identified which key stakeholder groups would have a leading or supporting role in the initiative. Note -Given the interacting drivers and impacts of CAC/CHP installations, opportunity areas may overlap into multiple categories, but designating each initiative into a category assists in finding key themes and patterns of roles for each stakeholder.
Stage 3: Prioritize Initiatives
In consultation with BTO, Navigant prioritized the initiatives, then identified the stakeholder group (BTO, EPA, energy efficiency programs, manufacturers, trade associations, and research organizations) most appropriate to lead each initiative. To prioritize initiatives, we scored each using three metrics (see Table 2 -2). The aggregation of these scores, along with the number of stakeholder votes for each initiative, determined its final ranking. Expected impact on developing new technology or performing research that addresses a critical knowledge gap and/or key barrier to improved design and installation of CAC/CHP systems.
Criticality of BTO Involvement
-3
Relative importance for BTO to participate and/or lead the initiative or whether industry will be successful without BTO's participation.
Criticality of Other Stakeholders' Involvement
-3
Relative importance for other stakeholders to participate and/or lead the initiative or whether other parties are better suited to carrying out the initiative.
Several members of the Navigant team independently scored each initiative, and we averaged these scores for each metric. Appendix A outlines the specific scoring criteria for each metric. To incorporate voting from the stakeholder workshop (Section 2.1), we assigned each initiative to a scoring tier, depending on the relative number of votes:
 Tier 1: More than 10 votes  Tier 2: 2 to 10 votes  Tier 3: Fewer than 2 votes.
We present the prioritized set of initiatives and key characteristics in the form of a "heat map" shown in Appendix A. The heat map visually displays the scoring and prioritization of each initiative determined by the number of stakeholder votes, initiative impact, and criticality of involvement for each stakeholder group.
Market Overview
Installation of a residential CAC or CHP system requires a multistep process that combines factory-built equipment, field-assembled components, and estimates of the home's characteristics (e.g., dimensions, occupants, envelope, etc.). Figure 3 -1 highlights several of the key components in residential split-system CAC and CHP installations. At each step of this process, industry developed best practices are not followed, which result in lower performance, efficiency, and/or occupant comfort. While not exhaustive, the following sections describe key issues to proper design and installation for residential CAC and CHP systems. 
Equipment Sizing
Prior to selecting a CAC/CHP system, an installer must determine the thermal load required to cool and/or heat the home. This process, commonly referred to as "equipment sizing," incorporates an analysis based on the physical dimensions of the conditioned space, characteristics of the enclosure (e.g., air tightness and insulation of walls, roof, windows, etc.), climate, and other factors. When the properties of a residence are input to an ACCA Manual J load calculation spreadsheet or software, the installer can estimate the required capacity for both space cooling and space heating.
Nevertheless, the ACCA Manual J process is only accurate if followed correctly and if using accurate input data. Especially for existing homes, rather than using Manual J, installers frequently specify new equipment with the same capacity, or larger, compared to the existing CAC/CHP system to save time and avoid callbacks. Without a new load calculation, installers may be mistakenly assuming that the existing system was correctly sized in the first place, and the home has not experienced any changes that would affect load (e.g., recent additions, occupancy changes, window replacements, etc.). Replacing a system with one of equal capacity, however, can perpetuate system inefficiencies resulting from either system over-sizing or system under-sizing. In addition, installers may not have access to accurate information on the home's insulation levels, air tightness, duct leakage, and other parameters, which can result in an inaccurate sizing recommendation. Using empirical data and analyses (e.g., blower door tests, duct blaster tests, infrared images, duty-cycle measurements on existing heating/cooling equipment, billing analyses, and/or indoor-outdoor temperature-difference measurements with known heat inputs) to develop inputs could significantly improve the accuracy of equipment sizing methodologies and reduce time/cost for on-site walkthroughs. Also, photo-based software to streamline geometry measurements could provide significant cost reductions, improved accuracy, and increase use of Manual J. For new homes, installers should work with the homebuilder and architect to gather correct sizing plans for the Manual J calculation, while also identifying other solutions to avoid installation inefficiencies (e.g., duct location and layout, equipment placement, etc.).
Further discussed in Section 3.2, CHPs introduce additional design complexity because the single system must satisfy both space heating and space cooling loads, which may lead to equipment being over-sized or under-sized for cooling and/or heating modes.
Equipment Selection
When designing the CAC/CHP system, numerous issues can arise when selecting the correct components (e.g., outdoor unit, indoor coil and air handler). Matching an indoor unit with an outdoor unit is of particular importance in split system CAC/CHPs, and mismatched pieces can result in poor performance and efficiency. In addition, the blower fan must be adequately sized (e.g., airflow rate, static pressure, etc.) to the indoor coil specifications, and duct configuration to provide proper airflow temperatures and distribution. CHP systems in particular pose significant problems because the equipment must satisfy both space heating and space cooling loads using the same outdoor unit. In situations where the design cooling and heating loads are significantly different, selection problems can occur where the outdoor unit or blower is over-sized or undersized relative to the load.
Equipment Installation
When installing CACs and CHPs at a customer's home, installers have numerous subsystems and components to place, connect, and adjust in a short amount of time, providing the temptation to overlook best practices to save time and money. Common issues that affect performance and efficiency include:
 Refrigerant Charging -Manufacturers typically ship CAC/CHP equipment pre-charged with refrigerant, and require the installer to adjust the refrigerant charge to accommodate the specific home's needs. An improperly charged system, whether under-charged or over-charged, can increase energy consumption and the risk of system failure. New technologies are available to accurately determine the correct refrigerant charge, such as digital gauges and tools, but many installers still use rule-of-thumb methods or rely on less expensive analog gauges. Traditional methods allow installers to quickly start up equipment for customers, but can create long-term inefficiencies through over-and/or under-charging.
 Duct Systems -Improperly designed, sealed, insulated, or balanced duct systems reduce the effectiveness of in CAC/CHP systems. Leaky duct systems allow conditioned air to escape, draw potentially polluted or unconditioned air through the return, and increase fan energy consumption. Poorly insulated duct systems increase heat transfer, resulting in less thermal energy reaching its intended zone and potentially introducing condensation issues. Finally, improperly balanced systems disproportionally allocate airflow to specific rooms within a home, so that the CAC/CHP system needs to overcompensate to reach zones with insufficient airflow.
 Controls Setup -CAC and CHP systems rely on thermostats, zoning systems, humidifiers/dehumidifiers, and other control systems to properly satisfy indoor conditions, which can introduce additional installation issues. Placing thermostats in areas with direct sunlight or in direct contact with the supply air stream can produce unrepresentative readings. Although more user-friendly products have been introduced in recent years, many consumers have difficulty setting up and configuring their thermostats to maintain a comfortable temperature schedule. CHPs pose additional challenges for installers when configuring the switchover to auxiliary or secondary heating sources and setting a quick-recovery schedules.
Recommended CAC/CHP Installation Initiatives
Workshop outcomes are summarized below in five sections: 
Central Themes
The stakeholder workshop in Washington D.C., in addition to providing valuable input on specific initiatives, also uncovered some key themes that can guide much of the future work that BTO or industry groups may pursue. Stakeholders emphasized the need for R&D investment to better understand current CAC/CHP installation practices, encourage wider awareness and adoption of QI practices, and develop the next generation of technologies, policies, and practices that will reduce losses related to installation. The key themes arose from the stakeholder workshop, including:
Because of the multifaceted nature of CAC/CHP installation issues, numerous stakeholders will play with a key role in overcoming shortcomings with current practices. 
Energy Efficiency Programs
Develop incentive programs, conduct 3 rd -party evaluations, perform energy audits, and encourage specific practices
Manufacturers
Develop more resilient equipment, collect installation data, provide installation guidance to installer networks
Trade Associations
Provide a single source for performance information, educational resources, industry standards, and training programs
Research Organizations (e.g., National Labs)
Perform validation studies, research equipment faults, and evaluate systems
CAC/CHP Installation Initiative Summary
We prioritized the initiatives to provide guidance to BTO and other stakeholders on which initiatives showed greater potential impact, closer fit with each stakeholder's mission, and other considerations (see Section 2.2 above). While not exhaustive, these initiatives represent some of the key areas in which BTO and other stakeholders could work to improve the quality of CAC/CHP installations. Each initiative targets only a specific issue, and no single initiative can solve the multifaceted problems manufacturers, installers, and energy efficiency program managers' experience with current CAC/CHP installation practices. A multi-initiative approach could prove more effective. Either way, recommended initiatives offer a substantial opportunity to reduce energy losses due to poor design and installation practices. Table 4-2 and Table 4 -3 identify the most promising initiatives recommended for BTO and other stakeholders to pursue in the areas of policy changes, deployment strategies, and technology development. We categorize recommended initiatives to be lead by either BTO or other stakeholders to highlight where each group has a major role in the most impactful initiatives. For each initiative, we designate lead stakeholders who are critical to the initiative's success as well as any additional stakeholders who can have a supporting, but less critical role. The sections that follow detail the recommended initiatives, with supporting initiatives described further in Section 4.5.
The following list highlights key findings from the recommended initiatives:
 Stakeholders developed consensus around the need for improved education, research and development opportunities, and programs to enable specific QI practices.
 The Tier 1 initiatives for both BTO and other stakeholders to lead have good alignment with the stakeholder votes assigned at the workshop.
 BTO has a primary role for developing initiatives that quantify the benefits of QI, supporting potential federal incentives that enable QI, and evaluating better tools for field measurements.
 Other stakeholders (e.g. EPA, energy efficiency programs, manufacturers, trade associations, and research organizations) primarily should focus on initiatives that promote education for both customers and contractors, support certifications and QI adoption among contractors, and support the development and promotion of utility programs around QI. Develop userfriendly tools for QI and promote their usage
Recommended Initiatives for BTO to Lead
Recommended Initiatives for Other Stakeholders to Lead
The lack of cost-effective and simple installer tools increases the time and cost for QI practices and limits their adoption. Developing intuitive, user-friendly tools could help achieve widespread adoption and therefore, facilitation, of QI programs.
EPA, Trade Associations BTO, Energy Efficiency Programs Deployment
Supporting Initiatives
Supporting initiatives are also valuable opportunities to address CAC/CHP installation issues and should be considered for future action. Stakeholders identified these initiatives as important in reducing installation losses, and they can have at least a moderate impact. Appendix B contains the list of supporting initiatives. Conduct research on the potential benefits of smaller capacity equipment Table B -1 provides brief descriptions of supporting initiatives to address CAC/CHP installation issues, as well as list of lead and supporting stakeholders. We scored these initiatives during the prioritization process (see Section 2.2) and present them here in order of decreasing rank. 
Supporting #13
Conduct research on thermal energy dissipation in homes Current HVAC design practices rely on assumptions for heating and cooling load in each room or zone based on activity level, room type, location, etc. However, several other contributing factors can affect thermal energy transfer and occupant comfort within the home such as the placement of air handlers, ducts, major appliances, and other loads in the home. Conducting research to study how thermal energy travels through homes could identify ways to improve HVAC system design methods.
Research Organizations BTO
Supporting #14
Develop and promote asset rating systems that include QI provisions Several asset rating systems have been developed to help homebuyers understand the energy-efficiency characteristics of homes before purchase. Asset rating systems should incorporate information on whether the HVAC system was installed to QI standards, ducts have been repaired/sealed, and other attributes so that consumers can communicate and understand the value of QI practices for efficient homes.
EPA BTO, Trade Associations
Supporting #15
Conduct research on sensitivity to sizing of system performance Because some installers may not follow ACCA Manual J procedures and manufacturers typically offer equipment in 0.5-1.0 ton increments, CAC/CHP systems may be sized larger or smaller than necessary. Performing research to quantifying performance, comfort, and efficiency issues associated with improper equipment sizing would highlight this issue, and stress the need for proper sizing and other QI practices. 
Supporting #17
Develop and promote better design approaches for zoned systems Properly designed and installed zoning systems can provide energy and comfort benefits by distributing space conditioning where it is needed throughout the home. Zoned systems use a variety of dampers and controls that may introduce unintended issues during installation or operation. Conducting research to understand the QI practices needed for zoned systems would help identify strategies to reduce improper installation and potential losses in homes with zoned systems.
Research Organizations
Manufacturers, Trade Associations
Supporting #18
Conduct research on the potential benefits of smaller capacity equipment
When following proper QI procedures and incorporating duct sealing, installers can often specify a CAC/CHP system that is lower capacity than the equipment being replaced. The smaller equipment may be less expensive, which may offset any cost increases associated with QI procedures. Nevertheless, installers may hesitate downsizing to reduce homeowner misunderstanding or callbacks if the home's thermal loads increase in the future. Conducting research to document the benefits of using properly sized equipment would help clarify installer rules-of-thumb or apprehension that contributes to equipment over-sizing.
Research
Organizations Manufacturers
